Abstract-With the increasing use of natural gas to generate electricity, installed natural gas fired microturbines are found in residential areas to generate electricity locally. This paper discusses the methodology of assessing optimal capacity and locations for installing natural gas fired microturbines in distribution residential network. The IEEE 123 Node Test Feeder was selected as the test bed. Three phase unbalanced electric power flow was run in OpenDSS through COM server, and the gas distribution network was analyzed using GASWorkS. The continual sensitivity analysis methodology was proposed to select multiple DG locations and annual simulation was run to minimize annual average losses. Nodal pressures of the gas system were checked for various cases to investigate if existing gas distribution network can accommodate the penetration of selected microturbines. The results indicate the optimal locations suitable to place microturbines and capacity that can be accommodated by the system.
I. INTRODUCTION
istributed Generation (DG) is an emerging concept focusing on possible alternatives of energy generation in the distribution systems instead of conventional centralized generation plants [1] , [2] . The Electric Power Research Institute (EPRI) defines DG as generation from a few kilowatts up to 50 MW [3] .
The spare natural gas in the gas distribution pipelines flowing through the residential areas can be utilized to generate electricity locally by feeding natural gas into microturbines. These microturbines can be connected in parallel with the grid. These types of distributed generation systems have capacity to produce 25 to 500 kW of electricity, and are suitable for residential or small scale commercial unit [4] . This project can be realized as a community microgrid where several residential customers (200-1000) can purchase small natural gas microturbines and place them at several locations in their residential area. This study is interdependent on both electrical and gas distribution networks. The locations and capacity should be selected in such a way that the existing grid conditions and gas distribution flow parameters are maintained and there is no need for distribution feeder upgradation or gas pipeline reinforcement. References [5] and [6] focus on the interaction between electricity and natural gas networks at the transmission level rather than the distribution level. The nexus between distributed generation and urban gas and water network infrastructure has been discussed in [7] - [9] .
DG has a wide variety of advantages, e.g. system energy loss reduction, transmission congestion alleviation, voltage profile improvement and reliability [10] . However, inappropriate planning may bring in negative impacts to the operation and reliability of distribution systems. It is essential to determine accurate DG capacity and locations to ensure reliable and stable operation of these DG units when integrated with the local distribution networks, as well as to maximize overall system efficiency and economic benefits [1] . Placing DG with inappropriate planning may lead to higher power loss as compared to when no DG exists in the distribution network at all [11] . The electrical distribution system is generally designed with unidirectional power flow from distribution substations to the end users. When a single large DG unit or multiple small DG units are introduced in the distribution system, the direction of power flow may reverse in many distribution feeders. Reference [10] explains the variation of power loss profile for the system with DG installation. Power loss in the system varies as a quadratic function with the generation at a particular location. When the DG capacity is increased at a particular location, the total system losses might reduce up till a particular value of DG. Higher penetration of DG units can result in the system loss increase. This pattern is followed by DG at all the locations, though the optimal size of DG can vary at each location.
An analytical approach for optimal DG sizing and allocation for a radial distribution system has been discussed in [12] . Several methodologies have been proposed for DG placement and sizing based on genetic algorithms [13] , particle swarm intelligence [14] , artificial bee colony algorithms [15] and adaptive weight particle swarm optimization [16] . Most of the research on DG allocation and sizing has been based on a balanced distribution system. The distribution network is unbalanced three-phase system, and more analysis is needed based on this consideration. A Krutak Kamdar George G. Karady
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Arizona State University Tempe, AZ, USA kkamdar@asu.edu, karady@asu.edu Optimal Capacity and Location Assessment of Natural Gas Fired Distributed Generation in Residential Areas D methodology has been proposed based on sensitivity analysis in [10] and [16] . Sensitivity values for each location are captured by analyzing the change in power losses when the DG unit at a location is varied by a small margin. DG is placed at the node with maximum sensitivity and its size is increased up till the point when system loss starts increasing. This approach results in a large DG at a single location. However, it might not be possible to install large DG units in residential areas. 
II. CONTINUAL SENSITIVITY ANALYSIS
The objective of the analysis is to find multiple locations in the distribution network where small size DG units can be placed to minimize the system loss. This method has been implemented on IEEE 123 Node test feeder. This feeder operates at a nominal voltage of 4.16 kV and has unbalanced loads with various load configurations [17] . A method based on sensitivity analysis has been discussed in [9] and [15] but it neglects the fact that sensitivity values keep on changing with the increase in size of DG as shown in Fig. 2 . There might be several locations with initial sensitivity values near each other. After putting a certain DG at a location, when sensitivity values are again calculated for all the nodes, the node with maximum sensitivity value might be different than the node which initially had maximum sensitivity value. This has been considered in the proposed methodology. Maximum five percent voltage deviation constraint of nominal voltage was maintained while installing the DG units [18] . Fig. 3 demonstrates the variation in system losses when DG size is increased at node 83. After 2200 kW DG the voltage rises beyond 1.05 pu and iteration stops. It was assumed that DG gives only real power and no reactive power. The proposed algorithm is described in Fig. 4 . MATLAB program has been developed to perform the steps 1-8. The three phase unbalanced load flow was done in Open Distribution System Simulator (OpenDSS) [19] . MATLAB has been connected to OpenDSS through COM server to import various parameters to OpenDSS, and then transfer back the results to MATLAB.
In this section step 1 to step 7 are explained for peak load, i.e., LM = 1, where LM stands for Load Multiplier.
Step 1: Base case power flow is run in OpenDSS and initial system losses are calculated. This value is exported to MATLAB and saved for further comparison.
Step 2: A small DG of kW is put at each node in the distribution network and its effect is analyzed by calculating change in system losses. Sensitivity value for each node is calculated by (1). (1) where, n is the node for which sensitivity value is calculated, and i is the iteration. reflects the sensitivity value of bus n when (i-1) previously selected DGs are in the system and another DG of kW is put at node n.
Step 3: For each iteration, the location with maximum sensitivity is selected and a 100 kW DG is placed at it.
Step 4,5,6: The new system loss with 100 kW DG placed at the selected location is calculated. If the system loss of the current iteration is less than the system loss of the previous iteration, the selected DG is placed in the system.
Step 7: With the selected DG in the system, the sensitivity values are again calculated for the next iteration at each location up till a point where system losses starts increasing. When total of 4.8 MW DG is installed in the distribution system, the system losses are reduced to 12.416 kW, which is a huge reduction as compared to initial system loss of 95.774 kW. Percentage Loss Reduction (PLR) of 87% is achieved by placing 48 DGs. However, it is realized that the achieved loss reduction for each iteration keeps on decreasing, as shown in Fig. 5 . If 40 DGs are placed rather than 48 DGs, the system losses are reduced to 12.896 kW and PLR of 86.5% can be achieved. If 35 DGs are placed, the system losses are reduced to 13.877 kW and PLR of 85.5% is achieved.
The voltage at each node after DG placement is ensured to be within limits. Three phase unbalanced voltages with 48 DGs in the system are shown in Fig. 6 . All the voltage regulators are assumed on, similar to the base case. 
III. ANNUAL SIMULATION ANALYSIS
The continual sensitivity analysis has been applied for peak load condition of 3.49 kW but it is important to note that there are several light load days in a year. If DG penetration is too high on a light load day then instead of losses minimizing, the system losses with DG placement might be higher than the base case losses. The optimally selected locations and capacity of DG on the basis of peak load condition might be inappropriate planning for a light load day. Some DGs can be turned off on a light load day. But this option is not considered in this study since the initial investment of DGs is high, and if some of the DGs are not utilized for a part of the year the payback time of the project would significantly increase.
The continual sensitivity approach is applied for LM = 1, 0.8, 0.6 and 0.5. 48, 38, 31 and 24 DGs respectively are suggested at different locations. These DGs are placed in the system and losses corresponding to them for LM varying from 0.35 to 1 are shown in Fig. 7 . When DG placement is planned for peak load 48 DGs are suggested, but when LM is less the losses are not minimized and for light load condition (LM = 0.35-0.5) the losses are higher than the base case losses.
Annual simulation is run for selected 48, 38, 31 and 24 DGs and results are shown in Table I . A methodology combining continual sensitivity and an annual simulation analysis approach is proposed. This comprises step 8 of algorithm discussed in Fig. 4 . Continual sensitivity analysis is done for LM from 0.35 to 1. For each iteration different DG capacity and locations are suggested which are placed in the distribution system and then annual simulation is run to calculate the annual average losses in the system after optimal DG placement. Variation in minimized annual average losses for different load multipliers is shown in Fig. 8 . If the DG planning is done on the basis on peak load, the losses can be minimized for the peak load condition but annual losses will not be the minimum. But, if DG planning is done here for LM = 0.6, then minimum annual average losses can be obtained. Maximum Percentage Loss Reduction (PLR) of 82.24% is achieved when 31 DGs are placed as suggested by 0.6 LM, as compared to 44.78% PLR achieved when DG placement is planned as per peak load. There is significant reduction in annual average loss when DGs are planned as per the annual simulation analysis as compared to peak load planning.
IV. GAS DISTRIBUTION NETWORK MODELING & ANALYSIS
The gas distribution network model corresponding to IEEE 123 Node Test Feeder has been prepared in GASWorkS software [20] . Gas distribution network is made identical to electric distribution network and is constructed with minimal approximations. It is looped by joining node 151 and node 300, which is generally the case for gas distribution networks, as they are looped at one or several places. Two supply nodes near node 16 and 86 are assigned 60 psi as the supply pressure. The base case load of 3.49 MW is modeled as 872 houses in gas distribution network, assigning peak gas load of 35 cfh (cubic feet per hour) for winter. The base case maximum pressure drop is around 5.5 psi. 100 kW microturbine DGs are placed at selected locations as suggested in step 7. Fig. 10 . Gas flow results for DG placement in gas distribution network
The gas flow results for DG placement in the gas distribution network are shown in Fig. 10 . The rule of thumb for gas pressure standard in a distribution network is that the minimum pressure should be at least half the initial supply pressure, that is, 30 psi. The results show that placing 48 DGs in the gas distribution network might not be possible due to high pressure drops at some of the nodes in the network. The pressure drops to as low as 8 psi which suggests that the gas distribution network will need pipeline reinforcement. Although placing 24 and 31 DGs is possible as the pressure at each node remains above 30 psi requirement, placing 38 DGs might also be possible with certain relaxation in the standards.
V. CONCLUSIONS
The methodology of continual sensitivity analysis was proposed in this paper to find the optimal DG capacity and locations in the distribution system. The proposed methodology reduces the solution space and computational complexity. It was observed that large DG penetration could result in more system losses when the system demand is low compared to the base case without any DG penetration. Therefore, the optimally selected DG units based on a high load day might not be applicable and economic for the real operation given a light load day. The annual simulation analysis combined with the continual sensitivity analysis was used to determine the optimal load multiplier for which the optimal DG units should be selected.
The gas distribution network model corresponding to IEEE 123 Node Test Feeder was developed using GASWorkS software. The installation of large number of microturbines will need pipeline reinforcement due to the constraint of nodal gas supply pressure. For this study, an installation of 31 DG units results in the optimal scenario based on the consideration of overall minimum annual average losses as well as the guarantee of nodal gas pressure provided by the gas distribution network.
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